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T he electrocortical patterns that signal anesthetic-
induced loss of consciousness are only starting to be 

understood.1 There is an established link between increased 
frontal α-β frequency cortical activity and the onset of the 
behavioral correlates that mark loss of consciousness with 
γ-aminobutyric acid receptor type A (GABAAR)–target-
ing general anesthetic agents.2–4 Moreover, a critical role 
for the thalamus has been implicated in orchestrating the 
emergence of this α-β frequency electrocortical signature 
during the induction of anesthesia.1,3–5 Specifically, in vivo 
local field potential recordings in rodents identify that 
during propofol-induced loss of consciousness, elevated 
α-β activity in the thalamus precedes manifestation of 
the same signature in the cortex.4 Additionally, computa-
tional modeling indicates that increased γ-aminobutyric 
acid–mediated (GABAergic) conductance and prolonged 
inhibitory postsynaptic potentials (IPSPs) in thalamo-
cortical neurons can reinforce cortical activity in the α-β 
 frequency range.3,5 Importantly, the molecular and cellular 
underpinnings that could position the thalamus to orches-
trate these electrocortical changes remain to be elucidated 
in vivo.

What We Already Know about This Topic

•	 The	 administration	 of	 anesthetics	 that	 target	 the	 γ-
aminobutyric	acid	receptor	 type	A	 leads	to	 increased	frontal	
α-β	 frequency	 activity	 on	 the	 electroencephalogram	 during	
loss	of	consciousness.

•	 The	 increased	 α-β	 activity	 in	 the	 cortex	 is	 preceded	 by	 a	
similar	increase	in	α-β	activity	in	the	thalamus.	The	means	by	
which	thalamic	activity	coordinates	cortical	α-β	activity	in	the	
cortex	are	not	clear.

•	 Microperfusion	of	 the	 thalamus	 in	 rodents	was	employed	 to	
determine	 the	 impact	 of	 the	 γ-aminobutyric	 acid–mediated	
anesthetic	 etomidate	 on	 thalamic	 activity	 and	 its	 role	 in	 the	
cortical	electroencephalogram	signature	of	hypnosis.

What This Article Tells Us That Is New

•	 Microperfusion	 of	 etomidate	 increased	 non–rapid-eye-	
movement	 α-β	 electrocortical	 activity	 and	 decreased		
wakefulness.

•	 The	 thalamus	 is	 implicated	 in	 triggering	 this	 increase	 in	α-β	
frequency	 activity	 in	 the	 cortex	 during	 anesthetic	 hypnosis.	
The	means	by	which	thalamic	activity	coordinates	cortical	α-β	
activity	in	the	cortex	are	not	clear.

•	 The	 data	 suggest	 that	 the	 sedative	 properties	 of	 etomidate	
first	lead	to	a	non–rapid-eye-movement	sleep	state,	followed	
by	a	spillover	extrasynaptic	γ-aminobutyric	acid	receptor	type	
A–mediated	 inhibition	 in	 the	 thalamus,	 which	 then	 leads	 to	
thalamocortical	oscillation	in	the	α-β	range.
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ABSTRACT

Background: Alterations in thalamic γ-aminobutyric acid–mediated signaling are thought to underlie the increased frontal 
α-β frequency electrocortical activity that signals anesthetic-induced loss of consciousness with γ-aminobutyric acid receptor 
type A (GABAAR)–targeting general anesthetics. The general anesthetic etomidate elicits phasic extrasynaptic GABAAR activa-
tion (“spillover” inhibition) at thalamocortical neurons in vitro. We hypothesize that this action of etomidate at the thalamus 
is sufficient to trigger an increase in frontal α-β frequency electrocortical activity and that this effect of etomidate is fully 
recapitulated by enhanced thalamic spillover inhibition in vivo.
Methods: We recorded electrocortical activity and sleep–wake behavior in freely behaving wild-type (n = 33) and extrasyn-
aptic δ-subunit–containing GABAAR knockout mice (n = 9) during bilateral microperfusion of the thalamus with etomidate 
and/or other pharmacologic agents that influence GABAAR or T-type Ca2+ channel activity.
Results: Microperfusion of etomidate into the thalamus elicited an increase in α-β frequency electrocortical activity that 
occurred only during non–rapid-eye-movement (ReM) sleep (11.0 ± 11.8% and 16.0 ± 14.2% greater 8 to 12- and 12 to 
30-hz power, respectively; mean ± SD; both P < 0.031) and was not affected by blockade of thalamic T-type Ca2+ channels. 
etomidate at the thalamus also increased spindle-like oscillations during non-ReM sleep (4.5 ± 2.4 spindle per minute with 
etomidate vs. 3.2 ± 1.7 at baseline; P = 0.002). These effects of etomidate were fully recapitulated by enhanced thalamic extra-
synaptic GABAAR-mediated spillover inhibition.
Conclusions: These findings identify how a prototypic GABAAR-targeting general anesthetic agent can elicit the character-
istic brain wave pattern associated with anesthetic hypnosis when acting at the thalamus by promoting spillover inhibition 
and the necessity of a preexisting non-ReM mode of activity in the thalamus to generate this effect.  (Anesthesiology 
2016; 125:964-78)
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Modulation of thalamic GABAergic signaling can trig-
ger state-associated changes in electrocortical activity.6 There 
are three types of GABAAR-mediated inhibition identified 
in thalamocortical neurons: phasic (i.e., phasic activation 
of synaptic GABAARs), tonic (i.e., tonic activation of extra- 
and perisynaptic GABAARs), and spillover (i.e., phasic acti-
vation of extra- and perisynaptic GABAARs).7 Importantly, 
the alterations in thalamocortical neuron firing elicited by 
the general anesthetic etomidate require phasic activation of 
extrasynaptic GABAARs in vitro.8

T-type Ca2+ channel activation plays a critical role in 
mediating slow, 1 to 4-hz oscillatory signaling in thala-
mocortical neurons.6 These channels become activated at 
hyperpolarized resting membrane potentials, i.e., membrane 
potentials lower than approximately −65 mV. Such hyper-
polarized resting membrane potentials occur naturally in 
thalamocortical neurons during non–rapid-eye-movement 
(ReM) sleep when GABAergic signaling from the reticular 
thalamic nucleus (RTN) is elevated and depolarizing inputs 
from ascending arousal nuclei are attenuated. Moreover, 
thalamic T-type Ca2+ channel activity is associated with 
increased 1 to 4-hz electrocortical activity, which is consid-
ered a hallmark of deep non-ReM sleep.6,9

here we use a combination of genetic, pharmacologic, 
and electrophysiologic approaches to identify the electro-
cortical effects elicited by pharmacologic enhancement 
of phasic extrasynaptic GABAAR activity in the thalamus  
in vivo. We also identify that the same electrocortical signa-
ture is produced by the presence of the prototypic GABAAR-
targeting general anesthetic agent etomidate at the thalamus 
in vivo. We further characterize the role of thalamic T-type 
Ca2+ channels in mediating these changes in electrocorti-
cal activity and identify that this signature is confined to 
alterations in thalamic activity during non-ReM sleep only. 
Together, these findings identify how a commonly used gen-
eral anesthetic agent when acting at the thalamus can elicit 
the characteristic brain wave pattern associated with anes-
thetic hypnosis and the necessity of an initial sleep transition 
to generate this signature.

Materials and Methods

Animal Care
Three to 6-month-old male wild-type mice (C57BL/6 
× SvJ129; n = 33) and Gabrd−/− mice (i.e., mice that lack 
δGABAARs; n = 9) were used for all experiments (fig. 1A). 
Mice were generated and housed as previously described.10,11 
All experimental procedures were approved by the Univer-
sity of Toronto Animal Care Committee and performed in 
compliance with the requirements of the Canadian Council 
on Animal Care.

Experimental Protocol
All surgeries were performed under sterile conditions using 
isoflurane anesthesia (1.5 to 2%). The mice were implanted 

with frontal electroencephalogram and nuchal electromyo-
gram electrodes for recording of frontal electrocortical activ-
ity and sleep–wake behavior, and two microdialysis guide 
cannulae (CXG-4; eicom, USA) were stereotaxically posi-
tioned 3.0 mm above the right and left ventrobasal complex 
of the thalamus, i.e., bilateral placement (1.6 mm posterior 
to lambda, 2 mm lateral to midline, and lowered 0.25 mm 
ventrally; fig. 1, B to D).12 After recovery from surgery, mice 
were habituated to the recording chamber as previously 
described.10

The drugs used for these studies were (a) etomidate, 
a general anesthetic agent that acts as a positive  allosteric 
modulator of GABAARs; (b) 4-chloro-N-[2-(2-thienyl)
imidazol[1,2-a]pyridin-3-yl]-benzamide (DS2), a posi-
tive allosteric modulator of extrasynaptic δGABAARs; (c) 
4,5,6,7-tetrahydroisoxazolo[5,4-c]-pyridin-3-ol (ThIP), 
a δGABAAR-preferring agonist; and (d) 3,5-dichloro-N- 
[1-(2,2-dimethyl-tetrahydro-pyran-4-ylmethyl)-4-fluoro-
piperidin-4-ylmethyl]-benzamide (TTA-P2), a potent T-type 
Ca2+ channel blocker.13–17 etomidate, DS2, and ThIP were 
purchased from Tocris Bioscience (United Kingdom), and 
TTA-P2 was purchased from Alomone Labs (Israel).

etomidate (30 μM), DS2 (100 μM), and ThIP (50 μM) 
were prepared in artificial cerebrospinal fluid (aCSF) with 
and without TTA-P2 (300 μM). Importantly, the amount 
of drug that diffuses across the microdialysis probe mem-
brane into tissue is estimated to be 10 to 18% of the origi-
nal concentration in the perfusion medium.18,19 Thus, the 
effective concentration of etomidate, DS2, and ThIP at the 
ventrobasal complex approximates 3 to 5.4, 10 to 18, and 5 
to 9 μM, respectively. Similarly, the effective concentration 
of TTA-P2 at the thalamus is expected to approximate 30 
to 54 μM.

The concentrations of ThIP and etomidate were selected 
based on clinically relevant concentrations. Specifically, 
human serum and plasma levels of ThIP and etomidate at 
the same effective concentrations as the ones used in this 
study elicit sedation and anesthetic hypnosis.20–22 In addi-
tion, the concentrations of ThIP and etomidate used here 
are similar to the concentrations used in the in vitro studies 
identifying the effects of ThIP and etomidate on tonic, pha-
sic, and spillover GABAAR-mediated inhibition in thalamo-
cortical neurons.8,23 Similarly, DS2 at concentrations similar 
to that used here promotes phasic extrasynaptic δGABAAR 
activation in thalamocortical neurons in vitro.7,24 There are 
no clinically relevant doses with which to compare with DS2 
as it does not effectively cross the blood–brain barrier when 
administered systemically.14

The concentration of TTA-P2 was selected based on 
previous in vivo and in vitro studies that characterized the 
specificity of TTA-P2 for low-voltage activated T-type Ca2+ 
channels. Specifically, a previous in vivo study, using meth-
ods similar to ours, identified that 3 mM TTA-P2 at the 
ventrobasal complex of naturally sleeping rats significantly 
reduced thalamocortical burst firing.25 Importantly, 3 mM 
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TTA-P2 at the thalamus was also associated with reduced 
tonic firing, suggesting that at this concentration, TTA-P2 
effectively dampened net thalamic activity. This decrease 
in total thalamic activity suggests that 3 mM TTA-P2 may 
also be affecting the activity of other channels in addition to 
T-type Ca2+ channels. Consistent with this interpretation, 
in vitro studies have shown that TTA-P2 at concentrations 
greater than 100 μM can inhibit high-voltage activated 
Ca2+ channels, which are expressed in the RTN and could 
affect thalamic output.26,27 Concentrations of TTA-P2 in 
the low micromolar range, however, are highly selective for 
all T-type Ca2+ channel isoforms.16,26 Given these findings, 
we selected a concentration of 300 μM TTA-P2, which 
is expected to yield an effective concentration of 30 to 54 
μM around the microdialysis probe, a concentration that is 
associated with selectivity for low-voltage activated T-type 
Ca2+ channels.18,19

On the morning of experiments, the mice were gently 
restrained, and microdialysis probes (eicom) that projected 
to the ventrobasal complex were inserted. The probes were 
continuously flushed with aCSF at a flow rate of 2.1 μl/min. 
The aCSF was composed of (in mM) 125 NaCl, 3 KCl, 1 
Kh2PO4, 2 CaCl2, 1 MgSO4, 25 NahCO3, and 30 D-glu-
cose. aCSF was bubbled with carbon dioxide to a ph of 
7.41 ± 0.01. All experiments were performed during the day. 
The entire experimental protocol occurred over a 5-h period 
(1,000 to 1,500 h).

Baseline recordings were performed while aCSF was 
microperfused bilaterally into the ventrobasal complex of 
each mouse for 2 h (fig.  1, A, B, and D). The perfusion 
media was then switched to etomidate, TTA-P2, DS2, or 
ThIP. In the first study, 30 μM etomidate was delivered into 
the thalamus of wild-type mice (n = 9) for 1.5 h, followed by 
another 1.5-h period where the thalamus was microperfused 

A

C

B

D

Fig. 1. Summary of experimental methods. (A) Schema that outlines the treatment protocols for each experimental group. (B) 
Exemplar coronal brain sections showing the targeting of probe tips (as indicated by the arrows) to the ventrobasal complex of 
the thalamus. The scale bar equals 1 mm. (C) Exemplar raw electroencephalogram (EEG) and electromyogram (EMG) recordings 
from a mouse during microperfusion of the thalamus with artificial cerebrospinal fluid (aCSF). The vertical scale bar below the 
EMG trace corresponds to the raw EMG recording and equals 400 μV. The vertical scale bar below the EEG trace corresponds to 
the raw EEG recording and equals 200 μV. The horizontal scale bar equals 2 s and is common for both the EMG and EEG trace. 
(D) Probe locations for all mice studied (n = 42). Numbers on the bottom left side of each section indicate the distance (in millime-
ters) posterior from bregma.12 DS2 = 4-chloro-N-[2-(2-thienyl)imidazol[1,2-a]pyridin-3-yl]benzamide; Gabrd−/− = GABAA receptor 
δ-subunit knockout; NO-711 = 1,2,5,6-tetrahydro-1-[2-[[(diphenylmethylene)amino]oxy]ethyl]-3-pyridine-carboxylic acid hydro-
chloride; NREM = non–rapid-eye-movement sleep; SNAP-5114 = 1-[2-[tris(4-methoxyphenyl)methoxy]ethyl]-(S)-3-piperidine-
carboxylic acid; THIP = 4,5,6,7-tetrahydroisoxazolo[5,4-c]pyridin-3-ol; TTA-P2 = 3,5-dichloro-N-[1-(2,2-dimethyl-tetrahydro-
pyran-4-ylmethyl)-4-fluoro-piperidin-4-ylmethyl]-benzamide; WT = wild-type.

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/125/5/964/272833/20161100_0-00029.pdf by guest on 20 M
arch 2024



Copyright © 2016, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

Anesthesiology 2016; 125:964-78 967 L. Mesbah-Oskui and R. L. Horner

PERIOPERATIVE MEDICINE

with 30 μM etomidate plus 300 μM TTA-P2. A control 
study was also conducted where aCSF containing only  
300 μM TTA-P2 was microperfused into the thalamus of 
wild-type mice (n = 6) for 2 h after baseline recordings.

The third study also served as a positive control and was 
designed to confirm the specificity of DS2 for δGABAARs. 
In this study, the ventrobasal complex of the thalamus 
of Gabrd−/− mice (n = 9) was microperfused with 100 μM 
DS2 for 1.5 h, followed by another 1.5-h period where they 
received 100 μM DS2 in aCSF that also contained (a) 100 
μM 1,2,5,6-tetrahydro-1-[2-[[(diphenylmethylene)amino]
oxy]ethyl]-3-pyridine-carboxylic acid hydrochloride (Sigma-
Aldrich, USA), an inhibitor of GABA transporter 1, and 
(b) 300 μM 1-[2-[tris(4-methoxyphenyl)methoxy]ethyl]-
(S)-3-piperidine-carboxylic acid (Tocris Bioscience, United 
Kingdom), an inhibitor of GABA transporter 3. Reverse micro-
dialysis of 1,2,5,6-tetrahydro-1-[2-[[(diphenylmethylene)
amino]oxy]ethyl]-3-pyridine-carboxylic acid hydrochloride 
and 1-[2-[tris(4-methoxyphenyl)methoxy]ethyl]-(S)-3-piper-
idine-carboxylic acid at concentrations similar to the effec-
tive concentrations used here is associated with an increase 
in extracellular GABA concentrations.28–30 GABA reuptake 
inhibitors were coapplied as part of this protocol to further 
increase GABA levels and promote enhanced GABAAR activa-
tion with DS2.

In the fourth study, 100 μM DS2 was microperfused into 
the ventrobasal complex of wild-type mice (n = 9) for 1.5 h, 
followed by another 1.5-h period where 100 μM DS2 was 
delivered with 300 μM TTA-P2. The fifth study was similar 
to the previous one except that 50 μM ThIP was microper-
fused into the thalamus instead of DS2.

At the end of each experiment, the mice were deeply 
anesthetized with 5% isoflurane and the brains were 
removed, fixed, and sliced as previously described.10 Neu-
tral red staining was performed on dried sections to confirm 
probe site location (fig. 1B).12

Signal Acquisition and Analysis of Sleep–Wake States
Acquisition, filtering, and digitization of the electroencephalo-
gram and electromyogram signals were performed as previously 
described.10 Fast Fourier analysis was used to analyze general 
characteristics of electrocortical activity in each sleep–wake state 
and was performed as previously described.10 Briefly, each 5-s 
epoch of the electroencephalogram was analyzed for absolute 
power in five bandwidths: 1 to 4, 4 to 8, 8 to 12, 12 to 30, 
and 10 to 15 hz. The absolute power in each bandwidth was 
divided by the total power (1 to 30 hz) in each epoch, and 
the normalized powers were then sorted according to the corre-
sponding sleep–wake state. The mean power in each frequency 
band for each sleep–wake state was then calculated for each 
treatment in each subject. epochs that contained movement 
artifacts were not included in the analyses. Such movement arti-
facts were identified in 16 of the 42 mice studied but accounted 
for less than 1% of the total recording time in each mouse.

Sleep–wake states were scored by analyzing electroen-
cephalogram and electromyogram signals in consecutive 5-s 
epochs using an established automatic scoring protocol.31 The 
accuracy of the scoring procedure was confirmed visually and 
corrected manually as necessary after this visual inspection. 
The time spent in wakefulness, non-ReM sleep, and ReM 
sleep was calculated as a percentage of the total recording time 
for each treatment in each animal. The incidence and features 
of spindle-like oscillations were identified using previously 
described custom-written routines in MATLAB.10

Analysis of Transitions into Non-REM Sleep
Only stable transitions into non-ReM sleep were included 
in this analysis, i.e., transitions where the mouse was awake 
for more than 30 s and then transitioned into a non-ReM 
sleep episode that also lasted more than 30 s. The wavelet 
power spectrums, calculated by taking the square of the 
wavelet transform, were generated using MATLAB routines 
based on those provided by Torrence and Compo.32 We used 
a Morlet Mother wavelet, defined as: 

ϕ π πt i f
t

( )=
− −1

4 2 2

2

e e0

where f0 is the wavelet central frequency and t is a dimensionless 
time parameter. The value of 2πf0 (i.e., ω0) was set to 6 to satisfy 
the admissibility criterion, which states that for an integral func-
tion, the analyzing wavelet should have a mean of zero.33 Altera-
tions in wavelet power during microperfusion of the thalamus 
with DS2, ThIP, etomidate, and/or TTA-P2 were identified by 
following three fixed frequency bands: 1 to 4, 14 to 20, and 20 
to 40 hz. All three of these bands exhibited significant altera-
tions in power that exceeded a 95% confidence level, which 
was calculated assuming a red-noise background that serves as 
an effective background spectrum.32 This procedure was per-
formed because, like electrocortical activity, red-noise back-
ground exhibits increasing power for decreasing frequencies.4,32 
The average power in the 1 to 4-, 14 to 20-, and 20 to 40-hz 
bands was calculated for each mouse for the 30-s period before 
and 30-s period after transitions into non-ReM sleep.

Statistical Analysis
Data are expressed as mean ± SD unless otherwise specified. 
Sample sizes were selected based on previous experience and 
published data from our laboratory.10 Mice were randomly 
assigned to experimental groups, and experimenters were not 
blinded to genotype. The effects of microperfusion of etomi-
date, DS2, and ThIP into the thalamus, with and without 
TTA-P2, on electrocortical activity and sleep–wake behav-
ior were assessed using a two-way repeated-measures (RM) 
ANOVA with the factors being (a) drug treatment and (b) 
sleep–wake state. The effects of etomidate, DS2, and ThIP 
on spindle-like oscillations were assessed using a one-way 
RM ANOVA. Finally, comparisons of electrocortical activ-
ity during transitions into non-ReM sleep were conducted 
using a two-way RM ANOVA with the factors being (a) drug 
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treatment and (b) period of transition (i.e., pre- or posttran-
sition into non-ReM sleep). Bonferonni-corrected P values 
were used to test statistical significance when post hoc compari-
sons were performed. Differences were considered significant 
if P was less than 0.05 using a two-tailed test. Analyses were 
performed using SigmaStat software (SPSS, USA).

Results

Etomidate at the Thalamus Increases α-β Electrocortical 
Activity and Spindle-like Oscillations during Non-REM Sleep
We first characterized the electrocortical signature associated 
with delivery of the prototypic GABAAR-targeting general 

anesthetic etomidate into the thalamus. This first experi-
ment was performed before the subsequent manipulations 
of thalamic activity in order to confirm, validate, and repli-
cate the initial finding from our laboratory upon which this 
new study was based.10 Bilateral microperfusion of 30 μM 
etomidate into the ventrobasal complex of freely behaving 
wild-type mice that were instrumented with frontal elec-
troencephalogram and nuchal electromyogram electrodes  
(fig. 1, A to D) elicited a sleep state–dependent decrease in 1 
to 4-hz electrocortical activity and a sleep state–dependent 
increase in 8 to 12- and 12 to 30-hz electrocortical activities 
(all F4,26 > 3.17; P < 0.031; fig. 2, A and B), which fully rep-
licates previous findings from our laboratory.10 Specifically, 

A

C D

B

Fig. 2. Microperfusion of etomidate into the ventrobasal complex of wild-type mice increases α-β electrocortical activity, sleep 
spindles, and non–rapid-eye-movement (NREM) sleep through T-type Ca2+ channel–independent alterations in thalamocortical 
activity in vivo. (A) Exemplar electromyogram (EMG) and electroencephalogram (EEG) recordings from a wild-type mouse during 
bilateral microperfusion of the ventrobasal complex with artificial cerebrospinal fluid (aCSF; left) and etomidate (right). The vertical 
scale bar corresponds to the EMG trace and equals 1 mV. Hypnograms are superimposed as white traces on the EEG spectro-
grams. Note the decrease in slow electrocortical activity with etomidate. (B) Microperfusion of etomidate into the thalamus elicits a 
non-REM sleep–specific reduction in 1 to 4-Hz EEG power and increased 8 to 12-Hz and 12 to 30-Hz powers. These effects persist 
during coadministration of 3,5-dichloro-N-[1-(2,2-dimethyl-tetrahydro-pyran-4-ylmethyl)-4-fluoro-piperidin-4-ylmethyl]-benzamide 
(TTA-P2) (two-way repeated measures [RM] ANOVA). (C) Both NREM 10 to 15-Hz (sigma) power and the incidence of spindle-like 
oscillations increase with etomidate at the thalamus. Note that coapplication of TTA-P2 with etomidate does not alter these effects 
and that neither treatment significantly alters the duration of spindle-like oscillations (one-way RM ANOVA). (D) Etomidate at the 
thalamus also elicits a reduction in wakefulness that persists with coapplication of TTA-P2. NREM sleep is increased with etomidate 
plus TTA-P2 at the thalamus (two-way RM ANOVA). All data represent mean ± SD. n = 9; *P < 0.05, **P < 0.01, and ***P < 0.001.
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etomidate reduced 1 to 4-hz power and increased both 8 to 
12- and 12 to 30-hz powers, all during non-ReM sleep only 
(post hoc t test, all P < 0.021). Importantly, mice receiving 
etomidate at the thalamus spontaneously transitioned in and 
out of sleep, but the electroencephalogram signature elicited 
by etomidate occurred only when mice were in non-ReM 
sleep. There was no effect of etomidate at the thalamus on 
4 to 8-hz electrocortical activity (F2, 16 = 2.39; P = 0.117). 
These initial findings identify that the action of etomidate at 
the thalamus is sufficient to elicit a cortical activity pattern 
of anesthetic hypnosis but only when thalamic activity has 
already entered a mode of firing that is set up during non-
ReM sleep.

Next we analyzed the effect of etomidate on spindle-
like oscillations, given the overlap of α-β frequencies with 
the frequency of sleep spindles (7 to 14 hz) that are gen-
erated by the thalamus.6 etomidate increased 10 to 15-hz 
(σ) power during non-ReM sleep (F2, 16 = 8.32; P = 0.003; 
fig. 2C), which further suggests an increase in the density 
of sleep spindles. We then identified the incidence of indi-
vidual spindle-like oscillations during non-ReM sleep using 
custom-written routines in MATLAB. Consistent with the 
alterations in sigma power identified with etomidate at 
the thalamus, the incidence of spindle-like oscillations was 
also increased with etomidate (F2, 16 = 15.81; P < 0.001;  
fig. 2C). etomidate did not, however, have any effect on the 
average duration of spindle-like oscillations (F2, 16 = 0.78;  
P = 0.476; fig. 2C), indicating that once these oscillations 
were triggered, they proceeded normally. In addition to the 
alterations in electrocortical activity identified with etomi-
date at the thalamus, there was also a decrease in the amount 
of wakefulness (F4, 32 = 4.26; P = 0.007; post hoc t test,  
P = 0.035; fig. 2D). Importantly, none of the effects iden-
tified above with etomidate at the thalamus (described in 
paragraphs one and two of the Results section) were affected 
by coapplication of the T-type Ca2+ channel blocker TTA-P2 
(300 μM; post hoc t test, all P > 0.555; fig. 2, B to D). This 
finding indicates that the changes in electrocortical activ-
ity elicited by etomidate at the thalamus were achieved by 
changes in the thalamocortical activity that was T-type Ca2+ 
channel independent.

We also conducted a separate study to characterize the 
effects of TTA-P2 at the thalamus alone. This study was 
important because it showed that microperfusion of TTA-P2 
into the thalamus changed electrocortical activity in a manner 
consistent with reduced slow oscillatory activity in the thala-
mus, i.e., this study served as a positive control. Specifically, 
microperfusion of TTA-P2 into the thalamus of wild-type 
mice significantly altered 1 to 4-, 4 to 8-, 8 to 12-, and 12 
to 30-hz electrocortical activities in a state-dependent man-
ner (all F2, 9 > 4.59; P < 0.043; fig. 3, A and B). Consistent 
with the role of T-type Ca2+ channels in modulating 1 to 4-hz 
electrocortical activity, we identified a significant reduction in 
1 to 4-hz power during non-ReM sleep with microperfusion 
of TTA-P2 into the thalamus of wild-type mice (post hoc t 

test, P = 0.004).9 This reduction in 1 to 4-hz power during 
non-ReM sleep was associated with a concomitant increase 
in 8 to 12- and 12 to 30-hz powers (post hoc t test, both  
P < 0.020). An effect of TTA-P2 was also identified during 
ReM sleep, with TTA-P2 eliciting an increase in 4 to 8-hz 
power and a decrease in 8 to 12- and 12 to 30-hz powers (all 
P < 0.034; fig. 3B). While 10 to 15-hz power was increased 
with TTA-P2 during non-ReM sleep (F1, 5 = 10.42; P = 0.023; 
fig. 3C), there were no corresponding changes in the dura-
tion or incidence of spindle-like oscillations (both F1, 5 < 1.42;  
P > 0.287; fig. 3C). Microperfusion of TTA-P2 into the thala-
mus did not elicit any alterations in sleep–wake state dura-
tions (F1, 5 = 1.11; P = 0.340; fig. 3D).

Pharmacologically Enhanced Thalamic GABAergic 
Spillover Inhibition Fully Recapitulates the Effects of 
Etomidate at the Thalamus
To promote spillover inhibition in vivo, we microperfused 
the ventrobasal complex of freely behaving mice with DS2, 
which is a positive allosteric modulator of extrasynaptic 
δ-subunit containing GABAA (δGABAA) receptors.14 DS2 
promotes δGABAAR-mediated spillover inhibition in thala-
mocortical neurons in vitro by increasing the sensitivity of 
extrasynaptic δGABAARs to GABA released from the syn-
apse and promoting phasic activation of these receptors.7,14,24

After having first established that DS2 elicits no identifi-
able effects on in vivo electrocortical activity and sleep–wake 
state behavior in mice lacking δGABAARs (i.e., Gabrd−/− 
mice; all P > 0.08; fig. 4, A to D), we then performed a 
similar experiment in wild-type mice. Microperfusion of 
100 μM DS2 into the thalamus of freely behaving wild-
type mice fully recapitulated the state-dependent alterations 
in electrocortical activity identified with etomidate at the 
thalamus (all F4, 26 > 2.76; P < 0.044; fig. 5, A to C). Spe-
cifically, DS2 at the thalamus, like etomidate, decreased 1 to 
4-hz power and increased 8 to 12- and 12 to 30-hz pow-
ers during non-ReM sleep only (post hoc Student’s t test, all  
P < 0.008; fig. 5B). There was no effect of DS2 on elec-
trocortical activity during wakefulness or ReM sleep (post 
hoc t test, all P > 0.365; fig. 5B). Microperfusion of DS2 
into the thalamus had no effect on 4 to 8-hz power (F2, 16 = 
1.42; P = 0.266; fig. 5B), also consistent with our findings 
with etomidate. Moreover, like the mice that received etomi-
date at the thalamus, mice receiving DS2 also spontaneously 
transitioned in and out of sleep.

Together, these initial findings indicate that using DS2 to 
increase the sensitivity of extrasynaptic δGABAARs to phasic 
GABA release at the thalamus recapitulates the characteris-
tic electrocortical signature elicited by etomidate.7,14,24 That 
this signature is confined to non-ReM sleep further suggests 
that there is a state-associated mode of network activity that 
is necessary for DS2 or etomidate at the thalamus to each 
elicit this same distinct pattern of electrocortical activity. 
The increased GABAergic release at thalamic nuclei from the 
RTN that occurs in non-ReM sleep fits with such a mode.6
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Microperfusion of DS2 into the thalamus also 
increased 10 to 15-hz power during non-ReM sleep, and 
this effect occurred with an increase in the incidence of 
spindle-like oscillations (both F2, 16 > 8.67; P < 0.004) 
with no accompanying alterations in their average dura-
tion (F8, 16 = 2.19; P = 0.144; fig. 5, D to F). The effects 
of DS2 on spindle-like oscillations again fully mimic the 
alterations identified with etomidate. DS2 also altered 
sleep–wake state durations in a manner that paralleled the 
changes seen with etomidate, with increased non-ReM 
sleep and decreased wakefulness (F4, 32 = 5.41 P = 0.002; 
post hoc t test, both P < 0.008; fig. 5G).

The reduction in 1 to 4-hz electroencephalogram 
power identified with DS2 (and etomidate) in the thala-
mus implicates a reduction in slow oscillatory activity in 
the thalamus. Since thalamic T-type Ca2+ channels influ-
ence such electrocortical activity, we identified the role of 
T-type Ca2+ channels in mediating the effects of DS2 at the 

thalamus by coapplying the selective T-type Ca+2 channel 
blocker TTA-P2 into the thalamus of wild-type mice after 
microperfusion of DS2 alone.9,34 Coapplication of TTA-P2 
with DS2 to the thalamus did not alter any of the electro-
cortical effects identified with DS2 alone (post hoc t test, all 
P > 0.344; fig. 5, B and C). Similarly, there were no dif-
ferences in spindle-like oscillations between DS2 alone or 
when it was coapplied with TTA-P2 at the thalamus (post 
hoc t test, both P > 0.497; fig. 5, D to F). Coadministra-
tion of TTA-P2 with DS2 also did not alter the increased 
non-ReM sleep occurring with DS2 alone (post hoc t test,  
P = 0.096), although it did reverse the decrease in wakeful-
ness (post hoc t test, DS2 vs. DS2 and TTA-P2, P = 0.026; 
aCSF vs. DS2 and TTA-P2; P = 0.361; fig. 5G). Overall, 
these findings indicate that thalamic T-type Ca+2 channels 
do not play a significant role in mediating the electrocorti-
cal effects elicited by DS2 at the thalamus, again recapitu-
lating the findings with etomidate.

A

B

C D

Fig. 3. Microperfusion of 3,5-dichloro-N-[1-(2,2-dimethyl-tetrahydro-pyran-4-ylmethyl)-4-fluoro-piperidin-4-ylmethyl]- 
benzamide (TTA-P2) into the thalamus of freely behaving wild-type mice elicits alterations in electrocortical activity consistent 
with reduced T-type Ca2+ channel activity in the thalamus. (A) Exemplar electromyogram (EMG) and electroencephalogram 
(EEG) recordings from a wild-type mouse during microperfusion of the ventrobasal complex with artificial cerebrospinal fluid 
(aCSF; left) and TTA-P2 (right). The vertical scale bar corresponds to the EMG trace and equals 1 mV. (B) During non–rapid-eye-
movement (NREM) sleep, blockade of thalamic T-type Ca2+ channel activity with TTA-P2 decreased 1 to 4-Hz EEG power and 
reciprocally increased 8 to 12-Hz and 12 to 30-Hz powers. During REM sleep TTA-P2 at the thalamus increased 4 to 8-Hz EEG 
power and decreased 8 to 12-Hz and 12 to 30-Hz powers (two-way repeated measures [RM] ANOVA). (C) TTA-P2 at the thala-
mus increased 10 to 15-Hz power during non-REM sleep but had no effect on the duration or incidence of spindle-like oscilla-
tions (one-way RM ANOVA). (D) Microperfusion of TTA-P2 into the thalamus did not alter sleep–wake state durations (two-way 
RM ANOVA). All data represent mean ± SD. n = 6; *P < 0.05 and **P < 0.01.
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Pharmacologically Enhanced Thalamic Tonic Inhibition 
Elicits Alterations in Electrocortical Activity That Are 
Distinct from Those Identified with Enhanced Thalamic 
Spillover Inhibition
To confirm that the effects identified with DS2 were consis-
tent with enhanced phasic extrasynaptic δGABAAR activity 
(i.e., spillover inhibition) in the thalamus, and not due to ele-
vated tonic δGABAAR activity, we conducted an additional 
study using ThIP to directly activate thalamic δGABAARs 
and promote tonic inhibition.15,35 We have previously shown 
that microperfusion of ThIP into the thalamus of mice that 
lack δGABAARs has no effect on electrocortical activity or 
sleep–wake state durations, confirming the selectivity of 
ThIP for extrasynaptic δGABAARs.10

Microperfusion of ThIP into the thalamus of wild-type 
mice elicited an increase in 1 to 4-hz activity and a decrease 
in 8 to 12-hz activity during non-ReM sleep and wakefulness 
(both F2, 16 = 14.06; P < 0.001; post hoc t test, both P < 0.046; 

fig. 6, A and B), which replicates previous findings from our 
laboratory.10 These effects of ThIP were significantly affected 
by the coapplication of the T-type Ca2+ channel blocker TTA-
P2 (post hoc t test, both P < 0.037). TTA-P2 led to a further 
increase in 1 to 4-hz power and decreased 8 to 12-hz power 
when coapplied with ThIP. ThIP at the thalamus also elicited 
state-dependent alterations in 12 to 30-hz electroencephalo-
gram activity (F2, 16 = 8.30; P = 0.003; fig. 6, A and B), with 
ThIP causing a decrease in 12 to 30-hz electroencephalo-
gram power during wakefulness (post hoc t test, P = 0.007). 
This effect of ThIP on 12 to 30-hz power was also signifi-
cantly potentiated by coapplication of TTA-P2 (post hoc t test;  
P = 0.003). Since only four of nine mice had ReM sleep dur-
ing microperfusion of 50 μM ThIP alone and/or in combina-
tion with 300 μM TTA-P2 into the thalamus, only the data 
from non-ReM sleep and waking were analyzed for this study.

Microperfusion of ThIP into the thalamus also altered 
spindle-like oscillations, reducing 10 to 15-hz power 

A

B

C D

Fig. 4. Microperfusion of 4-chloro-N-[2-(2-thienyl)imidazol[1,2-a]pyridin-3-yl]benzamide (DS2) into the thalamus of freely be-
having γ-aminobutyric acid receptor type A (GABAA) receptor δ-subunit knockout (Gabrd−/−) mice does not alter electrocortical 
activity or sleep–wake state durations. (A) Exemplar electromyogram (EMG) and electroencephalogram (EEG) recordings from a 
Gabrd−/− mouse during microperfusion of the ventrobasal complex with artificial cerebrospinal fluid (aCSF; left) and DS2 (right). 
The vertical scale bar corresponds to the EMG trace and equals 1 mV. (B) DS2 did not elicit any significant alterations in the spec-
tral composition of the EEG during any sleep–wake state in the Gabrd−/− mice. Moreover, coadministration of the GABA reuptake 
blockers 1,2,5,6-tetrahydro-1-[2-[[(diphenylmethylene)amino]oxy]ethyl]-3-pyridine-carboxylic acid hydrochloride (NO-711; a 
GABA transporter [GAT]-1 blocker) and 1-[2-[tris(4-methoxyphenyl)methoxy]ethyl]-(S)-3-piperidine-carboxylic acid (SNAP-5114; 
a GAT-3 blocker) to increase extracellular GABA levels did not elicit an effect of DS2 on electrocortical activity or sleep–wake 
behavior in the Gabrd−/− mice (two-way repeated measures [RM] ANOVA). DS2 did not alter sigma (10 to 15 Hz) power during 
non–rapid-eye-movement (NREM) sleep or the duration and incidence of spindle-like oscillations in the Gabrd−/− mice (one-way 
RM ANOVA; C) nor did it effect sleep–wake state durations (two-way RM ANOVA; D). All data represent mean ± SD. n = 9.
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during non-ReM sleep (F2,16 = 24.50; P < 0.001; post hoc 
t test, P = 0.003; fig. 6C), an effect that was further poten-
tiated by coadministration of TTA-P2 (post hoc t test,  
P = 0.027). Microperfusion of ThIP plus TTA-P2 into 

the thalamus reduced the duration and incidence of spin-
dle-like oscillations compared to aCSF (both F2, 16 > 9.51;  
P < 0.003; pos hoc t test, both P = 0.001; fig. 6C). Coap-
plication of ThIP with TTA-P2 into the thalamus also 

A

B

C

F G

D E

Fig. 5. Promoting thalamic spillover inhibition with microperfusion of 4-chloro-N-[2-(2-thienyl)imidazol[1,2-a]pyridin-3- 
yl]benzamide (DS2) into the ventrobasal complex of wild-type mice fully recapitulates the alterations in electrocortical activity 
and sleep–wake state behavior identified with etomidate at the thalamus. (A) Exemplar electromyogram (EMG) and elec-
troencephalogram (EEG) recordings from a wild-type mouse as it received artificial cerebrospinal fluid (aCSF; left) and DS2 
(right) bilaterally into the ventrobasal complex. The vertical scale bar corresponds to the EMG trace and equals 1 mV. Note 
the reduced power at low frequencies with DS2. (B) DS2 at the thalamus was associated with a non–rapid-eye-movement 
(NREM) sleep-specific reduction in 1 to 4-Hz EEG power and increased 8 to 12- and 12 to 30-Hz powers. These effects of 
DS2 were not altered by coapplication of the T-type Ca2+ channel blocker 3,5-dichloro-N-[1-(2,2-dimethyl-tetrahydro-pyran-
4-ylmethyl)-4-fluoro-piperidin-4-ylmethyl]-benzamide (TTA-P2) (two-way repeated measures [RM] ANOVA). (C) Continuous 
power plot showing the decrease in slow frequency electrocortical activity and increase in high-frequency activity with DS2 
and DS2 plus TTA-P2. The central lines denote the mean change in power, and the shaded regions correspond to the 95% 
CI. Note the similarity in the effects on electrocortical activity of DS2 and DS2 plus TTA-P2. (D) Sigma power during NREM 
sleep was increased by DS2, and this effect did not change with coadministration of TTA-P2. (E) The average duration of 
spindle-like oscillations was unaffected by DS2 and DS2 plus TTA-P2. (F) Exemplar recordings of spindle-like oscillations 
during microperfusion of the thalamus with aCSF and DS2 (left). The vertical scale bar equals 100 μV, and the horizontal scale 
bar equals 1 s. The incidence of spindle-like oscillations increased with DS2, and this increase was not influenced by TTA-P2 
(right) (one-way RM ANOVA). (G) DS2 at the thalamus also increased the amount of NREM sleep and decreased wakefulness, 
an effect that was partly reversed by coadministration with TTA-P2 (two-way RM ANOVA). Unless otherwise specified, all data 
represent mean ± SD. n = 9; *P < 0.05, **P < 0.01, and ***P < 0.001.
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altered sleep–wake structure (F4, 32 = 7.97; P < 0.001; fig. 
6D), with ThIP and TTA-P2 eliciting increased non-
ReM sleep (post hoc t test, aCSF vs. ThIP and TTA-P2, 
P < 0.001; ThIP vs. ThIP and TTA-P2, P = 0.021) and 
decreased wakefulness (post hoc t test, aCSF vs. ThIP 
and TTA-P2, P < 0.001; ThIP vs. ThIP and TTA-P2,  
P = 0.054).

Importantly, these effects of ThIP on electroencephalo-
gram activity and sleep–wake behavior are markedly differ-
ent from those identified with DS2. This difference indicates 
that while both agents require δGABAARs to elicit their 
effects, these effects are likely produced by separate mecha-
nisms that can be distinguished through their dependence 
on thalamic T-type Ca2+ channel activity.

Etomidate and DS2 at the Thalamus Amplify an 
Electrocortical Signature That Characterizes Entry into 
Non-REM Sleep
Transient alterations in high-frequency cortical and subcortical 
activity have been identified during transitions into both non-
ReM sleep and propofol-induced loss of consciousness in rats.4 
Moreover, this high-frequency signature occurred in the thala-
mus before the cortex.4 Accordingly, we then examined transient 
alterations in electrocortical activity occurring during transi-
tions into non-ReM sleep using wavelet analysis. Consistent 
with the previous report, we identified significant alterations in 
high-frequency electroencephalogram activity upon entry into 
non-ReM sleep, as indicated by increases in power that exceeded 
a 95% CI set by a red-noise background (fig. 7, A and B),  

A
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Fig. 6. 4,5,6,7-Tetrahydroisoxazolo[5,4-c]pyridin-3-ol (THIP)–induced increases in tonic extrasynaptic γ-aminobutyric acid recep-
tor type A receptor–mediated inhibition in the thalamus elicit distinct alterations in electrocortical activity that differ from 4-chloro-
N-[2-(2-thienyl)imidazol[1,2-a]pyridin-3-yl]-benzamide (DS2) and require T-type Ca2+ channel activity in vivo. (A) Exemplar electro-
myogram (EMG) and electroencephalogram (EEG) recordings from a mouse during microperfusion of the thalamus with artificial 
cerebrospinal fluid (aCSF; left), THIP (center), and THIP with 3,5-dichloro-N-[1-(2,2-dimethyl-tetrahydro-pyran-4-ylmethyl)-4-flu-
oro-piperidin-4-ylmethyl]-benzamide (TTA-P2; right). The vertical scale bar corresponds to the EMG traces and equals 500 μV. 
Note the increase in slow electrocortical activity with THIP and the further increase in slow electrocortical activity with THIP and 
TTA-P2. (B) Microperfusion of THIP into the thalamus of wild-type mice elicited a significant increase in 1 to 4-Hz EEG power 
and a decrease in 8 to 12- and 12 to 30-Hz powers during non–rapid-eye-movement (NREM) sleep and wakefulness. Note that 
these effects were further increased by coapplication of TTA-P2. The symbol “*” denotes significant differences between baseline 
(aCSF) and treatment, whereas “§” denote differences between THIP and THIP plus TTA-P2. Rapid-eye-movement (REM) sleep 
was not included in these comparisons because five mice did not exhibit REM sleep during microperfusion of THIP and/or THIP 
plus TTA-P2 (two-way repeated measures [RM] ANOVA). (C) Microperfusion of THIP into the thalamus decreases non-REM sigma 
power. Note that microperfusion of TTA-P2 with THIP elicits a further reduction in sigma power and also decreases the duration 
and incidence of spindle-like oscillations (one-way RM ANOVA). (D) THIP at the thalamus does not significantly affect sleep–wake 
state durations. Note, however, the increase in non-REM sleep and the decrease in wakefulness elicited by TTA-P2 with THIP 
(two-way RM ANOVA). All data represent mean ± SD. n = 9; § or *P < 0.05, §§ or **P < 0.01, and ***P < 0.001.
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Fig. 7. Microperfusion of etomidate or 4-chloro-N-[2-(2-thienyl)imidazol[1,2-a]pyridin-3-yl]-benzamide (DS2) into the thalamus of 
wild-type mice amplifies an electrocortical signature characterizing transitions into non–rapid-eye-movement (NREM) sleep. Ex-
emplar electroencephalogram (EEG) recordings from a mouse undergoing a transition into NREM sleep during microperfusion of 
the thalamus with artificial cerebrospinal fluid (aCSF; top) and etomidate (A, bottom) or DS2 (B, bottom). The vertical scale bar 
corresponds to the raw EEG traces and equals 100 μV. Black outlines on the spectrogram denote spectral regions that show sig-
nificant alterations in power. Note the increase in power of the same high-frequency EEG signature with both etomidate and DS2. 
(C) Continuous power plot of the 14 to 20-Hz EEG signature of NREM sleep transitions. Note the increase in this power range with 
etomidate (yellow) and DS2 (blue) after entry into NREM sleep compared to the aCSF control. The black lines denote mean 14 to 
20-Hz power for each treatment, and the surrounding shaded regions denote the 95% CI. (D) Both etomidate (left) and DS2 (right) 
increase 14 to 20-Hz power after transitions into NREM sleep. Coadministration of 3,5-dichloro-N-[1-(2,2-dimethyl-tetrahydro-py-
ran-4-ylmethyl)-4-fluoro-piperidin-4-ylmethyl]-benzamide (TTA-P2) with etomidate or DS2 does not significantly affect the increase 
in 14 to 20-Hz power after entry into NREM sleep (two-way repeated measures [RM] ANOVA). (E) Continuous plot of the dominant 
frequency in the 14 to 20-Hz band during wake–NREM sleep transitions showing the general similarity in the dominant frequency 
across all treatments. The black lines denote mean dominant frequency in the 14 to 20-Hz band for each treatment, and the sur-
rounding shaded regions denote the 95% CI. (F) The dominant frequency (i.e., frequency at peak power) of the 14 to 20-Hz band is 
not significantly altered by administration of etomidate (left) or DS2 (right) into the thalamus with or without coapplication of TTA-P2 
(two-way RM ANOVA). Unless otherwise specified, all data represent mean ± SD. n = 9; *P < 0.05, **P < 0.01, and ***P < 0.001.
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the latter also used previously.4,32 We then identified that micro-
perfusion of etomidate into the thalamus increased the power 
of the high-frequency (14 to 20 hz) electroencephalogram 
signature characterizing entry into non-ReM sleep in mice  
(F2, 12 = 5.60; P = 0.019; post hoc t test, P = 0.048; fig. 7, C and 
D; note the period defined as the transition onset at the top of 
the figure). Microperfusion of etomidate into the thalamus did 
not alter the power of this electroencephalogram signature dur-
ing the onset of transitions into non-ReM sleep (post hoc t test, 
P = 0.205; fig. 7, C and D). Likewise, microperfusion of DS2 
into the thalamus elicited an increase in the 14 to 20-hz signa-
ture after entry into non-ReM sleep (F2, 16 = 6.64; P = 0.008; 
post hoc t test, P = 0.002) and had no effect on this signature 
at the onset of transitions (post hoc t test, P = 0.778; fig. 7, C 
and D). The effects of DS2 and etomidate on the 14 to 20-hz 
electroencephalogram signature were unaffected by the T-type 
Ca2+ channel blocker TTA-P2 (post hoc t test, both P > 0.433; 
fig. 7D). There were no changes in the dominant frequency of 
the 14 to 20-hz band during transitions into non-ReM sleep 
with aCSF, etomidate, or DS2 at the thalamus (all F2, 16 < 1.95; 
P > 0.176; fig. 7, e and F).

Discussion
here we show that the presence of the GABAAR-targeting 
general anesthetic agent etomidate at the thalamus in vivo 
elicits a distinct electrocortical signature that is recapitulated 
by pharmacologic enhancement of phasic extrasynaptic 
GABAAR-mediated (spillover) inhibition at the thalamus. 
Both the etomidate-induced and spillover-induced electro-
encephalogram signatures were restricted to non-ReM sleep 
and not mediated by T-type Ca2+ channel activation. The 
absence of this effect in states outside of non-ReM sleep sug-
gests that the mode of thalamic activity set up by an initial 
sleep transition then allows etomidate at the thalamus to 
enhance GABAergic spillover inhibition and elicit the dis-
tinct electrocortical signature. Increased GABAergic burst 
input from the RTN to thalamocortical neurons during 
non-ReM sleep can satisfy this role.6 In the clinical context, 
such a non-ReM–like mode of activity would necessarily be 
first triggered by the sedating (i.e., initial sleep promoting) 
properties of GABAAR–targeting general anesthetic agents 
acting at various sites in the neuraxis.36 The subsequent 
action of the general anesthetic at the thalamus would then 
elicit a thalamocortical network oscillation in the α-β range, 
a pattern that signals anesthetic hypnosis and is thought to 
impede responsiveness to external stimuli.1–3 In this model, 
an initial sleep-like transition is a prerequisite to generate this 
electrocortical signature associated with anesthetic hypnosis.

Microperfusion of etomidate into the thalamus of freely 
behaving mice elicited an increase in non-ReM α-β elec-
trocortical activity, increased spindle-like oscillations, and 
decreased wakefulness. These findings with etomidate rep-
licate previous results from our laboratory that formed the 
foundation for this study, and we further demonstrate that 
none of these effects of etomidate are sensitive to blockade 

of T-type Ca2+ channels by TTA-P2.10 Moreover, the same 
results with DS2 show that the electrocortical effects elicited 
by etomidate at the thalamus can be achieved by pharmaco-
logic enhancement of phasic activation of thalamic extrasyn-
aptic GABAARs.

We previously showed that microperfusion of etomidate 
into the thalamus of freely behaving Gabrd−/− mice elic-
its alterations in electrocortical activity that mimic those 
identified in wild-type mice.10 This finding shows that 
extrasynaptic δGABAARs are not necessary in mediating 
the electrocortical signature produced by etomidate at the 
thalamus. Importantly, this finding does not eliminate a role 
for other non-δ subunit–containing extra- or perisynaptic 
GABAARs in mediating the electrocortical signature elicited 
by etomidate. Compensatory changes in GABAAR subunit 
expression in Gabrd−/− mice have been reported.37–39 Of par-
ticular relevance, Gabrd−/− mice exhibit greater coassembly 
of α4 and γ2 GABAAR subunits as indicated through immu-
noprecipitation, suggesting the formation of extrasynaptic 
GABAARs with atypical subunit composition in Gabrd−/− 
mice.37 Additionally, tonic GABAAR-mediated inhibition 
persists in Gabrd−/− mice, albeit attenuated, indicating the 
presence of other functional extrasynaptic GABAARs.29

The changes in IPSP duration identified in vitro with DS2 
and etomidate require expression of extrasynaptic GABAARs, 
identifying a role for spillover inhibition in mediating these 
changes.7,8,24 Moreover, the effects of DS2 and etomidate on 
the activity of thalamocortical neurons in vitro are similar 
to each other, consistent with the in vivo findings with DS2 
and etomidate in the present report.7,8 Specifically, whole-
cell recordings from the ventrobasal complex of the thalamus 
identify similar alterations in RTN-mediated IPSPs with 
DS2 and etomidate; both DS2 and etomidate are associated 
with increased IPSP decay times and charge transfer during 
presynaptic RTN spike bursts.7,8,24

The potentiation of GABA responses and alterations in 
IPSP duration identified with DS2 and etomidate in vitro 
satisfy the conditions required by a computational model 
that shows that such alterations in GABAergic thalamic sig-
naling can precipitate the changes in cortical activity typi-
cally associated with loss of consciousness with propofol, 
another prototypic GABAAR-targeting intravenous general 
anesthetic agent.3 Importantly, the findings of our study 
indicate that the increase in α-β electrocortical activity 
observed during the induction and maintenance of anesthe-
sia can be effectively triggered by the action of the anesthetic 
at the thalamus, with the stipulation that the thalamus is 
receiving non-ReM–like inputs as the effects were restricted 
to non-ReM sleep (figs. 2, 5, and 7).2,3

The findings with ThIP, an agent that directly activates 
δGABAARs, and the T-type Ca2+ channel blocker TTA-P2 
indicate that alterations in thalamocortical activity that are 
T-type Ca2+ channel dependent contribute to the changes 
in electrocortical activity identified with ThIP in vivo. 
This suggestion is consistent with previous results obtained  
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in vitro.35 Coadministration of TTA-P2 with ThIP further 
increased slow electrocortical activity. This “potentiating” 
effect of TTA-P2 on slow electroencephalogram activity may 
reflect a diminution of thalamic activity, as ThIP hyperpo-
larizes thalamocortical neurons to levels that can trigger a 
switch from tonic firing to T-type Ca2+ channel–dependent 
burst firing.35 Such inhibition of thalamocortical activity is 
associated with increased 1 to 4-hz electrocortical activity 
and non-ReM sleep in vivo, which is consistent with our 
findings with ThIP and TTA-P2 at the thalamus.40,41

Blockade of T-type Ca2+ channels with TTA-P2 during 
microperfusion of the thalamus with DS2 or etomidate did 
not alter any of the electrocortical effects elicited by DS2 
or etomidate alone. These findings indicate that T-type Ca2+ 
channel–independent alterations in thalamocortical activity 
underlie the changes in cortical activity identified with DS2 
and etomidate. The lack of effect of TTA-P2 on the effects 
identified with etomidate is consistent with a previous study 
showing the normal onset of propofol-induced anesthesia/
hypnosis in mice that lacked Cav3.1 (α1G) T-type Ca2+ chan-
nels.42 These channels are strongly expressed in thalamocor-
tical relay neurons and are necessary for burst firing in these 
neurons.34,43

Both DS2 and etomidate at the thalamus elicited an 
increase in spindle-like oscillations, a signal that character-
izes light non-ReM sleep. These oscillations are generated 
by the thalamus and are thought to require activation of 
thalamocortical T-type Ca2+ channels for their initiation and 
propagation.6 Importantly, the present findings with TTA-
P2 are consistent with a recent study where normal spindle 
density and durations were identified in mice lacking Cav3.1 
channels with no thalamocortical burst firing.44

Coadministration of TTA-P2 with etomidate potentiated 
the etomidate-induced alterations in sleep–wake behavior. 
This finding is consistent with in vitro studies that identify 
etomidate as a blocker of T-type Ca2+ channels.45,46 Impor-
tantly, the concentrations of etomidate associated with T-type 
Ca2+ channel blockade are significantly above the clinically 
relevant range (IC50 of approximately 161 μM), and so it is 
unlikely that the effective concentrations of etomidate used 
in our study resulted in any direct effect of etomidate on tha-
lamic T-type Ca2+ channels. It is possible, however, that the 
concomitant blockade of thalamic T-type Ca2+ channels dur-
ing microperfusion of etomidate into the thalamus may have 
mimicked conditions of elevated etomidate concentration and 
facilitated the effect of etomidate on sleep–wake behavior.

While coadministration of TTA-P2 with etomidate 
potentiated the etomidate-induced alterations in sleep–wake 
behavior, TTA-P2 had the opposite effect when it was coad-
ministered with DS2. Specifically, coadministration of TTA-
P2 with DS2 restored the amount of wakefulness to levels 
that were comparable to baseline. Additionally, the increase 
in non-ReM sleep with DS2 at the thalamus was attenuated 
with TTA-P2 (i.e., the amount of non-ReM sleep associated 
with DS2 and TTA-P2 at the thalamus was not significantly 

different from the amount associated with DS2 alone or at 
baseline). These findings suggest that the alterations in sleep–
wake behavior triggered by DS2 at the thalamus may require 
T-type Ca2+ channel deinactivation to occur. The molecular 
mechanisms underlying this differential effect of TTA-P2 on 
sleep–wake behavior when coadministered with etomidate 
versus DS2 are unclear and require further study. It is pos-
sible that the effect of etomidate on sleep–wake behavior 
is mediated through its actions on GABAARs that are not 
sensitive to DS2 and do not require T-type Ca2+ activity to 
influence sleep–wake behavior.

Nonetheless, given the TTA-P2–insensitive increase in 
α-β frequency electrocortical activity and spindle-like oscil-
lations and the association of these respective electrocortical 
patterns with anesthetic-induced loss of consciousness and 
decreased arousal, we anticipate that mice receiving DS2 or 
etomidate into the thalamus would have an elevated thresh-
old for arousal from non-ReM sleep.47–49 Future experi-
ments that systematically assess arousal threshold in mice 
during such intrathalamic manipulations will confirm or 
refute these hypotheses and provide further insight into 
the clinical significance of the electrocortical signatures and 
alterations in sleep–wake behavior identified in our studies.

In summary, the findings in this report identify a site 
(thalamus) and mechanism of action (spillover inhibition) 
by which a prototypic GABAAR-targeting general anes-
thetic (etomidate) can elicit the distinctive brain wave sig-
nature that accompanies anesthetic hypnosis in humans. 
Future studies that characterize the functional relationship 
between enhanced thalamic GABAergic spillover inhibition 
and cortical connectivity will further elucidate the neural 
correlates of consciousness and increase understanding of 
how general anesthetic agents trigger the reversible state of 
unconsciousness.

Acknowledgments
The authors thank Dr. Orser, Ph.D., M.D., for contributing 
the original Gabrd mice that were used to start our colonies. 
Dr. Orser is a professor in the Departments of Anesthesia 
and Physiology at the University of Toronto in Toronto, On-
tario, Canada.

Research Support
Supported by the Canadian Institutes of Health Research 
(CIHR), Ottawa, Ontario, Canada (MOP-5563 awarded 
to Dr.  Horner), a fellowship from Sleep and Biological 
Rhythms Toronto, Toronto, Ontario, Canada (awarded to 
Dr. Mesbah-Oskui)—a CIHR-funded research and training 
program, Ottawa, Ontario, Canada (TGS-109218 awarded 
to Dr. Horner)—and the Ontario Graduate Scholarship Pro-
gram, Toronto, Ontario, Canada (awarded to Dr. Mesbah-
Oskui). Dr. Horner is a Tier 1 Canada Research Chair in 
Sleep and Respiratory Neurobiology, Ottawa, Ontario, Can-
ada (fund number 950-229813).

Competing Interests
The authors declare no competing interests.

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/125/5/964/272833/20161100_0-00029.pdf by guest on 20 M
arch 2024



Copyright © 2016, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

Anesthesiology 2016; 125:964-78 977 L. Mesbah-Oskui and R. L. Horner

PERIOPERATIVE MEDICINE

Correspondence
Address correspondence to Dr. Horner: Room 3206 Medical 
Sciences Building, 1 King’s College Circle, Toronto, Ontario, 
Canada, M5S 1A8. richard.horner@utoronto.ca. Information 
on purchasing reprints may be found at www.anesthesiol-
ogy.org or on the masthead page at the beginning of this 
issue. ANeSTHeSIOLOGy’s articles are made freely accessible to 
all readers, for personal use only, 6 months from the cover 
date of the issue.

References
 1. Ching S, Brown EN: Modeling the dynamical effects of anes-

thesia on brain circuits. Curr Opin Neurobiol 2014; 25:116–22
 2. Purdon PL, Pierce ET, Mukamel EA, Prerau MJ, Walsh 

JL, Wong KF, Salazar-Gomez AF, Harrell PG, Sampson AL, 
Cimenser A, Ching S, Kopell NJ, Tavares-Stoeckel C, Habeeb 
K, Merhar R, Brown EN: Electroencephalogram signatures of 
loss and recovery of consciousness from propofol. Proc Natl 
Acad Sci USA 2013; 110:E1142–51

 3. Ching S, Cimenser A, Purdon PL, Brown EN, Kopell NJ: 
Thalamocortical model for a propofol-induced alpha-rhythm 
associated with loss of consciousness. Proc Natl Acad Sci 
USA 2010; 107:22665–70

 4. Baker R, Gent TC, Yang Q, Parker S, Vyssotski AL, Wisden W, 
Brickley SG, Franks NP: Altered activity in the central medial 
thalamus precedes changes in the neocortex during transi-
tions into both sleep and propofol anesthesia. J Neurosci 
2014; 34:13326–35

 5. Vijayan S, Ching S, Purdon PL, Brown EN, Kopell NJ: 
Thalamocortical mechanisms for the anteriorization of 
α rhythms during propofol-induced unconsciousness. 
J Neurosci 2013; 33:11070–5

 6. Steriade M, McCormick DA, Sejnowski TJ: Thalamocortical 
oscillations in the sleeping and aroused brain. Science 1993; 
262:679–85

 7. Herd MB, Brown AR, Lambert JJ, Belelli D: Extrasynaptic 
GABA(A) receptors couple presynaptic activity to postsyn-
aptic inhibition in the somatosensory thalamus. J Neurosci 
2013; 33:14850–68

 8. Herd MB, Lambert JJ, Belelli D: The general anaesthetic etomi-
date inhibits the excitability of mouse thalamocortical relay 
neurons by modulating multiple modes of GABAA receptor-
mediated inhibition. Eur J Neurosci 2014; 40:2487–501

 9. Lee J, Kim D, Shin HS: Lack of delta waves and sleep distur-
bances during non-rapid eye movement sleep in mice lack-
ing alpha1G-subunit of T-type calcium channels. Proc Natl 
Acad Sci USA 2004; 101:18195–9

 10. Mesbah-Oskui L, Orser BA, Horner RL: Thalamic δ-subunit 
containing GABAA receptors promote electrocortical sig-
natures of deep non-REM sleep but do not mediate the 
effects of etomidate at the thalamus in vivo. J Neurosci 2014; 
34:12253–66

 11. Mihalek RM, Banerjee PK, Korpi ER, Quinlan JJ, Firestone LL, 
Mi ZP, Lagenaur C, Tretter V, Sieghart W, Anagnostaras SG, 
Sage JR, Fanselow MS, Guidotti A, Spigelman I, Li Z, DeLorey 
TM, Olsen RW, Homanics GE: Attenuated sensitivity to neu-
roactive steroids in gamma-aminobutyrate type A receptor 
delta subunit knockout mice. Proc Natl Acad Sci USA 1999; 
96:12905–10

 12. Franklin K, Paxinos G: The Mouse Brain in Stereotaxic 
Coordinates with CDROM. New York, Academic Press, 2007

 13. Forman SA: Clinical and molecular pharmacology of etomi-
date. ANESTHESIOLOGY 2011; 114:695–707

 14. Jensen ML, Wafford KA, Brown AR, Belelli D, Lambert JJ, 
Mirza NR: A study of subunit selectivity, mechanism and site 
of action of the delta selective compound 2 (DS2) at human 
recombinant and rodent native GABA(A) receptors. Br J 
Pharmacol 2013; 168:1118–32

 15. Meera P, Wallner M, Otis TS: Molecular basis for the high 
THIP/gaboxadol sensitivity of extrasynaptic GABA(A) recep-
tors. J Neurophysiol 2011; 106:2057–64

 16. Dreyfus FM, Tscherter A, Errington AC, Renger JJ, Shin HS, 
Uebele VN, Crunelli V, Lambert RC, Leresche N: Selective 
T-type calcium channel block in thalamic neurons reveals 
channel redundancy and physiological impact of I(T)win-
dow. J Neurosci 2010; 30:99–109

 17. Wafford KA, van Niel MB, Ma QP, Horridge E, Herd MB, 
Peden DR, Belelli D, Lambert JJ: Novel compounds selec-
tively enhance delta subunit containing GABA A receptors 
and increase tonic currents in thalamus. Neuropharmacology 
2009; 56:182–9

 18. Grace KP, Hughes SW, Horner RL: Identification of a phar-
macological target for genioglossus reactivation throughout 
sleep. Sleep 2014; 37:41–50

 19. Portas CM, Thakkar M, Rainnie D, McCarley RW: 
Microdialysis perfusion of 8-hydroxy-2-(di-n-propylamino)
tetralin (8-OH-DPAT) in the dorsal raphe nucleus decreases 
serotonin release and increases rapid eye movement sleep in 
the freely moving cat. J Neurosci 1996; 16:2820–8

 20. Madsen SM, Lindeburg T, Følsgård S, Jacobsen E, Sillesen H: 
Pharmacokinetics of the gamma-aminobutyric acid agonist 
THIP (Gaboxadol) following intramuscular administration 
to man, with observations in dog. Acta Pharmacol Toxicol 
(Copenh) 1983; 53:353–7

 21. Faulhaber J, Steiger A, Lancel M: The GABAA agonist THIP 
produces slow wave sleep and reduces spindling activity in 
NREM sleep in humans. Psychopharmacology (Berl) 1997; 
130:285–91

 22. Benkwitz C, Liao M, Laster MJ, Sonner JM, Eger EI 2nd, 
Pearce RA: Determination of the EC50 amnesic concentra-
tion of etomidate and its diffusion profile in brain tissue: 
Implications for in vitro studies. ANESTHESIOLOGY 2007; 
106:114–23

 23. Belelli D, Peden DR, Rosahl TW, Wafford KA, Lambert JJ: 
Extrasynaptic GABAA receptors of thalamocortical neu-
rons: A molecular target for hypnotics. J Neurosci 2005; 
25:11513–20

 24. Rovó Z, Mátyás F, Barthó P, Slézia A, Lecci S, Pellegrini C, 
Astori S, Dávid C, Hangya B, Lüthi A, Acsády L: Phasic, non-
synaptic GABA-A receptor-mediated inhibition entrains thal-
amocortical oscillations. J Neurosci 2014; 34:7137–47

 25. David F, Schmiedt JT, Taylor HL, Orban G, Di Giovanni G, 
Uebele VN, Renger JJ, Lambert RC, Leresche N, Crunelli V: 
Essential thalamic contribution to slow waves of natural 
sleep. J Neurosci 2013; 33:19599–610

 26. Choe W, Messinger RB, Leach E, Eckle VS, Obradovic A, 
Salajegheh R, Jevtovic-Todorovic V, Todorovic SM: TTA-P2 is 
a potent and selective blocker of T-type calcium channels in 
rat sensory neurons and a novel antinociceptive agent. Mol 
Pharmacol 2011; 80:900–10

 27. Zaman T, Lee K, Park C, Paydar A, Choi JH, Cheong E, Lee 
CJ, Shin HS: Cav2.3 channels are critical for oscillatory burst 
discharges in the reticular thalamus and absence epilepsy. 
Neuron 2011; 70:95–108

 28. Smith CG, Bowery NG, Whitehead KJ: GABA transporter type 
1 (GAT-1) uptake inhibition reduces stimulated aspartate and 
glutamate release in the dorsal spinal cord in vivo via different 
GABAergic mechanisms. Neuropharmacology 2007; 53:975–81

 29. Cope DW, Di Giovanni G, Fyson SJ, Orbán G, Errington AC, 
Lorincz ML, Gould TM, Carter DA, Crunelli V: Enhanced tonic 
GABAA inhibition in typical absence epilepsy. Nat Med 2009; 
15:1392–8

 30. Kersanté F, Rowley SC, Pavlov I, Gutièrrez-Mecinas M, 
Semyanov A, Reul JM, Walker MC, Linthorst AC: A functional 
role for both -aminobutyric acid (GABA) transporter-1 and 
GABA transporter-3 in the modulation of extracellular GABA 
and GABAergic tonic conductances in the rat hippocampus. 
J Physiol 2013; 591:2429–41

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/125/5/964/272833/20161100_0-00029.pdf by guest on 20 M
arch 2024

mailto:richard.horner@utoronto.ca


Copyright © 2016, the American Society of Anesthesiologists, Inc. Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.

Anesthesiology 2016; 125:964-78 978 L. Mesbah-Oskui and R. L. Horner

Thalamus-mediated EEG Effects of Etomidate

 31. Costa-Miserachs D, Portell-Cortés I, Torras-Garcia M, 
Morgado-Bernal I: Automated sleep staging in rat with a 
standard spreadsheet. J Neurosci Methods 2003; 130:93–101

 32. Torrence C, Compo GP: A practical guide to wavelet analysis. 
Bull Am Meteorol Soc 1998; 79: 61–78

 33. Farge M: Wavelet transforms and their applications to turbu-
lence. Annual Review of Fluid Mechanics 1992; 24: 395–458

 34. Kim D, Song I, Keum S, Lee T, Jeong MJ, Kim SS, McEnery 
MW, Shin HS: Lack of the burst firing of thalamocortical relay 
neurons and resistance to absence seizures in mice lacking 
alpha(1G) T-type Ca(2+) channels. Neuron 2001; 31:35–45

 35. Cope DW, Hughes SW, Crunelli V: GABAA receptor-medi-
ated tonic inhibition in thalamic neurons. J Neurosci 2005; 
25:11553–63

 36. Franks NP: General anaesthesia: From molecular targets to 
neuronal pathways of sleep and arousal. Nat Rev Neurosci 
2008; 9:370–86

 37. Korpi ER, Mihalek RM, Sinkkonen ST, Hauer B, Hevers 
W, Homanics GE, Sieghart W, Lüddens H: Altered recep-
tor subtypes in the forebrain of GABA(A) receptor delta 
subunit-deficient mice: Recruitment of gamma 2 subunits. 
Neuroscience 2002; 109:733–43

 38. Peng Z, Hauer B, Mihalek RM, Homanics GE, Sieghart W, 
Olsen RW, Houser CR: GABA(A) receptor changes in delta 
subunit-deficient mice: Altered expression of alpha4 and 
gamma2 subunits in the forebrain. J Comp Neurol 2002; 
446:179–97

 39. Tretter V, Hauer B, Nusser Z, Mihalek RM, Höger H, 
Homanics GE, Somogyi P, Sieghart W: Targeted disruption 
of the GABA(A) receptor delta subunit gene leads to an up-
regulation of gamma 2 subunit-containing receptors in cer-
ebellar granule cells. J Biol Chem 2001; 276:10532–8

 40. Herrera CG, Cadavieco MC, Jego S, Ponomarenko A, 
Korotkova T, Adamantidis A: Hypothalamic feedforward 
inhibition of thalamocortical network controls arousal and 
consciousness. Nat Neurosci 2016; 19:290–8

 41. Lewis LD, Voigts J, Flores FJ, Schmitt LI, Wilson MA, Halassa 
MM, Brown EN: Thalamic reticular nucleus induces fast and 
local modulation of arousal state. Elife 2015; 4:e08760

 42. Petrenko AB, Tsujita M, Kohno T, Sakimura K, Baba H: 
Mutation of alpha1G T-type calcium channels in mice does not 
change anesthetic requirements for loss of the righting reflex 
and minimum alveolar concentration but delays the onset of 
anesthetic induction. ANESTHESIOLOGY 2007; 106:1177–85

 43. Talley EM, Cribbs LL, Lee JH, Daud A, Perez-Reyes E, Bayliss 
DA: Differential distribution of three members of a gene fam-
ily encoding low voltage-activated (T-type) calcium channels. 
J Neurosci 1999; 19:1895–911

 44. Lee J, Song K, Lee K, Hong J, Lee H, Chae S, Cheong E, 
Shin HS: Sleep spindles are generated in the absence of 
T-type calcium channel-mediated low-threshold burst firing 
of thalamocortical neurons. Proc Natl Acad Sci USA 2013; 
110:20266–71

 45. Todorovic SM, Perez-Reyes E, Lingle CJ: Anticonvulsants but 
not general anesthetics have differential blocking effects 
on different T-type current variants. Mol Pharmacol 2000; 
58:98–108

 46. Joksovic PM, Brimelow BC, Murbartián J, Perez-Reyes E, 
Todorovic SM: Contrasting anesthetic sensitivities of T-type 
Ca2+ channels of reticular thalamic neurons and recombi-
nant Ca(v)3.3 channels. Br J Pharmacol 2005; 144:59–70

 47. Purdon PL, Sampson A, Pavone KJ, Brown EN: Clinical 
Electroencephalography for Anesthesiologists: Part I: 
Background and Basic Signatures. ANESTHESIOLOGY 2015; 
123:937–60

 48. Wimmer RD, Astori S, Bond CT, Rovó Z, Chatton JY, Adelman 
JP, Franken P, Lüthi A: Sustaining sleep spindles through 
enhanced SK2-channel activity consolidates sleep and ele-
vates arousal threshold. J Neurosci 2012; 32:13917–28

 49. Pivik RT, Joncas S, Busby KA: Sleep spindles and arousal: 
the effects of age and sensory stimulation. Sleep Res Online 
1999; 2:89–100

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/125/5/964/272833/20161100_0-00029.pdf by guest on 20 M
arch 2024


